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Jet	Substructure

• The	internal	structure	of	jets	can	be	used	to		
– study	QCD	
– disFnguish	the	origin	of	 

jets	between	 
light	quarks,	gluons	and		  
hadronic	decays	of	 
heavy	parFcles	  
(W,	Z,	H	or	top	quark)		

• Many	types	of	jets	used	in	 
ATLAS	
– calorimeter-based,	  

parFcle-flow,	track-based		
– radius	R	=	1.0,	0.8,	0.4,	0.2,	variable-R		

• Calorimeter-based	R	=	0.8	and	1.0	jets	reconstructed	with	anF-kT	algorithm	are	
used	for	the	substructure	results	presented	here.
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Jet Substructure

• use the internal structure of jets 
• to study QCD
• to distinguish jets from  

light quarks, gluons  
or hadronic decays of  
heavy particles (W, Z, H  
or top quark)

• various types of jets in ATLAS
• calorimeter-based, particle-flow, track-based
• R = 1.0, 0.8, 0.4, 0.2, variable-R

• calorimeter-based R = 1.0 jets used for most of studies of internal 
structure of jets - jet substructure
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Large-R	Calorimeter	Jets
• Calorimeter	jets	are	built	from	topological	clusters	(represenFng	parFcle	deposiFon)	

– start	with	a	cell	4σ	above	noise	and	add	neighbouring	cells	 
2σ	above	noise	and	the	surrounding	layer	

– spli\ng	algorithm	separates	nearby	clusters	
– clusters	are	calibrated	based	on	properFes	related	to	shower	development	

(Local	Cluster	WeighFng)	
– clusters	are	combined	into	jets	using	the	anF-kT	algorithm		

• Trimming:	removes	R	=	0.2	subjets	with	pT	<	5%	of	jet	pT,	to	reduce	pile-up	
dependence	
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1 Introduction

Signatures with high transverse momentum, pT, massive particles such as Higgs bosons, top quarks, and W
or Z bosons have become ubiquitous during Run 2 of the Large Hadron Collider (LHC). These particles
most often decay hadronically. Due to their large transverse momentum, the decay products become
collimated and may be reconstructed as a single jet with large radius parameter R [1, 2] (a ‘large-R’ jet).
The sensitivity of searches and measurements that use large-R jets depends on an accurate knowledge of
the transverse momentum pT and mass m responses of the detector [3]. A calibration of the large-R energy
and mass scales derived using Monte Carlo simulation yields uncertainties as large as 10%. The calibration
described in this paper results in a reduction of these uncertainties by more than a factor of three.

In this paper, a suite of in situ calibration techniques is described which measure the response in proton–
proton (pp) collision data at

p
s = 13 TeV. The results of several methods are combined to provide a

calibration that defines the nominal large-R jet energy scale (JES) and the jet mass scale (JMS). These
measurements provide a significant increase in the precision with which the large-R jet pT and mass scales
are known across most of the kinematically accessible phase space. The jet energy and mass resolutions
(JER, JMR) are also measured in situ and compared with the predictions of Monte Carlo simulations (MC).
Additional uncertainties on jet substructure observables used to identify boosted objects are derived from
data in Ref. [4].

Jet reconstruction starts with clusters of topologically connected calorimeter cell signals. These topological
clusters, or ‘topo-clusters’, are brought to the hadronic scale using the local hadronic cell weighting scheme
(LCW) [5]. Large-R jets are reconstructed with the anti-kt algorithm [6] using a radius parameter R = 1.0.
The jets are groomed with the ‘trimming’ algorithm of Ref. [7], which removes regions of the jet with
a small relative contribution to the jet transverse momentum. This procedure reduces the impact from
additional pp interactions in the event and from the underlying event, improving the energy and mass
resolution.

Ungroomed large-R jets 
(LCW scale)

Large-R jet 
reconstruction

E, η & m calibration Residual in situ 
calibration

Groomed large-R jets  
(LCW+JES+JMS scale)

A correction to the jet 
energy, pseudorapidity 
and mass is derived from 
MC to bring the 
reconstructed jet to the 
particle jet scale.

Residual correction 
determined using in situ 
measurements to bring 
data in agreement with 
MC. Applied only to data.

Large-R jets are recon-
structed using the anti-kt 
algorithm with R = 1.0.
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from the reconstructed 
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Figure 1: Overview of the large-R jet reconstruction and calibration procedure described in this paper. The calorimeter
energy clusters from which jets are reconstructed have already been adjusted to point at the event’s primary hard-scatter
vertex.
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The several stages of the ATLAS large-R jet calibration procedure are illustrated in Figure 1. The trimmed
large-R jets are calibrated to the energy scale of stable final-state particles using corrections based on
simulations. This jet-level correction is referred to as the simulation-based calibration and includes a
correction to the jet mass [8]. Finally, the jets are calibrated in situ using response measurements in pp
collision data. A correction based on a statistical combination of data-to-simulation ratios of these response
measurements is applied only to data and adjusts for the residual (typically 2–3%) mismodelling of the
response. Uncertainties in the JES and JMS are derived by propagating uncertainties from the individual
in situ response measurements through the statistical combination.

The in situ calibration is determined in two separate steps. In the first step, the JES is measured with
the same methods used to calibrate small-R jets [9]. These techniques rely on the transverse momentum
balance in a variety of final states, illustrated in Figure 2. The JES correction factor is a product of two
terms. The absolute calibration is derived from a statistical combination of three measurements from
Z+jet, �+jet, and multijet events in the central region of the detector. A relative intercalibration, derived
using dijet events, propagates the well-measured central JES into the forward region of the detector. The
in situ calibration accounts for detector e�ects which are not captured by simulation. The JES correction is
applied as a four-momentum scale factor to jets in data; therefore, it also a�ects the jet mass calibration.

��
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J2

J3

(a) dijet event

��

J1

j1

Z boson or �

(b) Z+jet or �+jet event

precoilT

j1
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j2

j3
�

(c) multijet event

Figure 2: Schematic representation of the events used to measure the JES and JER: (a) a dijet event, (b) a Z+jet or
�+jet event and (c) a multijet event with several jets recoiling against the leading (large-R) jet. The labels Ji refer to
the ith leading large-R jet, while ji refers to the ith leading small-R jet that fulfils �R(J1, j) > 1.4. �� is the di�erence
between the azimuthal angle of the jet and the reference object, while �↵ is the di�erence between the azimuthal
angle of the jet and the vectorial sum of the recoil system momenta.

In the second step of the in situ calibration, the jet mass response is measured using two methods following
the application of the in situ JES correction. The mass response is measured in lepton+jets top quark pair
production (tt̄ production) [10] with a fit to the peaks in the jet mass distribution formed by high-pT W
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Residual	In	Situ	Calibra8on
• In	situ	calibraFon	uses	“balancing”	 

with	well-measured	objects:	 
photons,	Z➝𝑙𝑙,	small-R	jets		

• pT-dependent	scale	factors	 
are	derived	to	rescale	the	jet	 
4-momentum		

• provides	systemaFc	uncertainFes	
on	the	jet	energy	scale	-	 
“top-bo,om”	approach		

• Average	correcFon	
– no	access	to	differenFal	 

quanFFes	
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In Figure 25, the ratio of the jet pT response in data and simulations is shown as a function of the jet
transverse momentum. Data points are shown for the �+jet, Z+jet, and multijet balance methods, and the
band corresponds to the result of the combination.
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Figure 25: Data-to-simulation ratio of the average jet pT response as a function of large-R jet pT. The combined
result (band) is based on three in situ techniques: the Z+jet balance method (open squares), �+jet balance method
(closed triangles), and the multijet balance (open triangles). The errors represent the statistical (inner error bars) and
the total uncertainty (statistical and systematic uncertainties added in quadrature, outer error bars). The results apply
to trimmed anti-kt jets with R = 1.0. The lines shown are smoothed using a sliding Gaussian kernel.

The relative weight in the fit of the three methods is shown in Figure 26. The Z+jet balance makes the
largest contribution up to transverse momenta of approximately 500 GeV. Between 500 GeV and 1 TeV,
the �+jet balance recieves the largest weight. At higher pT, the multijet balance method acquires more
weight in the combination. Beyond 1 TeV, it provides the only measurement and extends the jet energy
scale beyond 2 TeV.

The local �2 per degree of freedom in Figure 27 quantifies the level of agreement between the three sets of
measurements. The results of the three methods agree in the whole pT range 0.1 TeV < pT < 1 TeV, where
all three provide results.

The combined pT response in data is approximately 3% lower than in the simulation over most of the pT
range. The deviation from unity in the data/MC ratio is significant, as the total uncertainty approaches 1%
in the intermediate pT region. These observations are consistent with previous in situ measurements of the
R = 0.4 JES during Run 2 [9] with similar levels of associated uncertainty. At low pT, the uncertainty
reaches about 1% at 200 GeV. Above 1.5 TeV, the uncertainty increases, reaching over 2% at 2.4 TeV.

A breakdown of the total JES uncertainty is presented graphically in Figures 28 and 29. This includes
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Substructure	Uncertain8es

• uncertain)es	are	computed	from	the	topological	clusters	and	propagated	
to	the	jet	substructure	observables	(“bo#om-up”	approach):		
– isolated	calorimeter	cell	clusters	are	matched	to	tracks:	the	mean	and	the	standard	

deviaFon	of	E/p	is	used	for	the	cluster	energy	scale	and	resoluFon	uncertainFes;	 
the	standard	deviaFon	of	the	relaFve	posiFon	is	used	for	the	angular	resoluFon	
uncertainty		

– the	reconstrucFon	efficiency	uncertainty	is	evaluated	from	the	fracFon	of	tracks	
without	a	matched	cluster.	

– UncertainFes	are	also	applied	to	account	for:		

– energy	correlaFons	between	the	clusters	

– fracFon	of	hadrons	that	are	not	pions	

– effect	of	cluster	spli\ng	and	merging		

• Uncertain)es	from	calorimeter/track	ra)os	are	of	the	same	size	 
(can	only	be	measured	for	average	quan))es)	
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So:-Drop	Grooming
• The	Trimming	procedure	is	not	analy)cally	calculable		

– trimmed	jet	measurements	can	only	be	compared	to	the	NLL	predicFons		

• The	soC-drop	procedure	allows	comparison	to	NLO+NLL	and	LO+NNLL	
predic)ons	for	the	jet	mass	
– clusters	jet	consFtuents	with	Cambridge-Aachen	algorithm	and	retraces	the	

clustering	history	from	the	last	branching		
– consider	a	jet	of	radius	R	with	 

only	two	consFtuents.	 
The	soi-drop	procedure	removes	the	 
soier	component	unless	


– zcut is the soft-drop threshold

– β is angular exponent  

(β -> infinity: ungroomed jet) 
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min(pT,j1, pT,j2)
pT,j1 + pT,j2

> zcut

✓
�R12

R

◆�
, (1)

where pT is the momentum of a jet transverse to the beam pipe, zcut and � are algorithm parameters,
and �R12 =

p
(�y)2 + (��)2 is the distance in y-� between the proto-jets. The parameter zcut sets the

scale of the energy removed by the algorithm; � tunes the sensitivity of the algorithm to wide-angle
radiation. If the soft-drop condition in Eq. (1) is not satisfied, then the branch with the smaller pT is
removed. The procedure is then iterated on the remaining branch. If the condition is satisfied at any
node, the algorithm terminates. As � increases, the fraction of branches where the condition is satisfied
increases, reducing the amount of radiation removed from the jet. In the limit �! 1, the original jet
is untouched. The mass of the resulting jet is referred to as the soft-drop jet mass, msoft drop.

This Letter presents a measurement of the soft-drop jet mass using 32.9 fb�1 of
p

s = 13 TeV pp data
collected in 2016 by the ATLAS detector, and the first comparison to predictions of jet substructure
that are formally more accurate than the LL PS approximation.

ATLAS is a particle detector designed to achieve nearly a full 4⇡ coverage in solid angle [25]. The
inner tracking detector (ID) is inside a 2 T magnetic field and is designed to measure charged-particle
trajectories up to |⌘ | = 2.5. Surrounding the ID are electromagnetic and hadronic calorimeters, which
use liquid argon and lead, copper, or tungsten absorber for the electromagnetic and forward (|⌘ | > 1.7)
hadronic detectors, and scintillator-tile active material with steel absorber for the central (|⌘ | < 1.7)
hadronic calorimeter.

For this study, jets are clustered using the anti-kt jet algorithm with radius parameter R = 0.8
implemented in FastJet [26]. The inputs are topological calorimeter-cell clusters calibrated using the
local cluster weighting algorithm [27]. In order to improve the rapidity resolution, cluster four-vectors
are corrected to point toward the reconstructed primary collision vertex [28]. An overall jet energy
calibration, derived for R = 0.8 jets, accounts for residual detector e�ects as well as contributions
from pileup (i.e., simultaneous additional pp collisions) in order to make the reconstructed jet energy
unbiased (up through ‘Absolute MC-based calibration’ in Ref. [29]). Jets are required to have |⌘ | < 1.5
so that their calorimeter-cell clusters are within the coverage of the ID.

Events were selected online using a two-level trigger system [30] that is hardware-based at the first
level and software-based for the second level. In this analysis, the full-luminosity jet trigger with the
lowest pT threshold is nearly 100% e�cient for jets with pT > 600 GeV. Events are required to have a
minimum of two jets, at least one of which has pT > 600 GeV. In addition, a dijet topology is imposed
by requiring that the leading two pT-ordered jets satisfy pT,1/pT,2 < 1.5: as the leading two jets are
required to have similar pT, this removes events with additional energetic jets.

The soft-drop algorithm is then run on the leading two jets in the selected events. Both of these
jets are used for the measurement. Three di�erent values of � 2 {0, 1, 2} are considered. The
value of zcut is fixed at 0.1 so that log(zcut) resummation is negligible [15]. The dimensionless mass
⇢ = msoft drop/pungroomed

T is the observable of interest: as the soft-drop mass is correlated with pT, ⇢ is a
dimensionless quantity that only weakly depends on pT. For each � value, log10(⇢2) is constructed from
the jet’s mass after the soft drop algorithm and its pT before (referred to as pungroomed

T ). The ungroomed
jet pT is used because the groomed version is collinear unsafe when � = 0 [15]. The full log10(⇢2)
distribution is studied, but the focus is on the resummation region (�3.7 < log10(⇢2) < �1.7), where
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Soft-drop Grooming Algorithm

• trimming procedure is not analytically calculable and the trimmed jet measurements 
can only be compared to the NNL predictions

• soft-drop procedure  allows comparison to NLO+NNL and LO+NNNL predictions 
for the jet mass

• soft-drop procedure clusters jet constituents with Cambridge-Aachen algorithm and 
retraces the clustering history from the last branching

• given a jet of R0 with only two constituents,  
the soft-drop procedure removes the softer  
component unless

• z cut is the soft-drop threshold
• β is angular exponent  

(β -> infinity: ungroomed jet)
• removes wide-angle soft radiation
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So:-drop	Jet	Mass
• Ungroomed	dijet	events	with	radius	R=0.8.		

– Leading	jet	pT	>	600	GeV	
– two	leading	jets	have	similar	pT:		pT,1/	pT,2	<	1.5	

• To	reduce	pT	dependence	we	examine:	

�7Phys. Rev. Lett. 121 (2018) 092001

Soft-drop Jet Mass Measurement

• select di-jet events with ungroomed R = 0.8 jets with

• observable of interest: 
to reduce pT-dependence 
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pT,1 > 600 GeV and pT,1/pT,2 < 1.5
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Soft-drop Jet Mass Measurement

• select di-jet events with ungroomed R = 0.8 jets with

• observable of interest: 
to reduce pT-dependence 
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• Data	compared	with	reconstructed	Pythia,	Sherpa	and	Herwig	simulaFons	and	
truth-level	Pythia.	
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Soi-drop	Mass	UncertainFes

• Dominant	UncertainFes		

• QCD	Modelling:	Pythia	8.186	vs	Sherpa	2.1.1	  
(Herwig++	2.7.1	produces	uncertainFes	of	the	same	order)	

• calorimeter	cluster	energy	scale	shii	(smearing)	at	low	(high)	ρ	
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Figure 2: The breakdown of systematic and statistical uncertainties as a function of log10(⇢2) for � = 0.

of log10(⇢2). At more negative values of log10(⇢2), non-perturbative e�ects lead to distinctly di�erent
predictions between the MC generators and the calculations without NP corrections; the data fall below
the predictions for all � values. Interestingly, the NNLL calculation is not everywhere a better model
of the data than the NLL calculation in the resummation regime and NP e�ects can also be comparable
to the higher order resummation corrections in this regime. Therefore, improved precision for the
future will require will require a careful comparative analysis of the di�erent perturbative calculations
as well as a deeper and possibly analytic understanding of NP e�ects.

As � increases, the fraction of radiation removed by soft-drop grooming decreases and the impact
of non-perturbative e�ects grows larger [17, 18], so the range over which the analytical calculations
are accurate also decreases. The degree of agreement between data and all the calculations for
log10(⇢2) < �3 does substantially worsen for � 2 {1, 2}, especially when NP corrections are not
included. Agreement between the data and the MC generators remains generally within uncertainties
for all values of �. Digitized versions of the results, along with versions binned in jet pT can be found
at Ref. [59].
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Soft-drop Jet Mass Results
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• Mostly	good	agreement	with	generator	
predicFons	

• The	excepFon	is	at	low	values	of	ρ	

• To	get	good	agreement	requires	
LO+NNLL	with	large	non-
perturbaFve	correcFons.
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• good agreement with generator 
predictions within uncertainties 
except at very low ρ values

• requires LO+NNLL with large 
non-pertubative effects 
corrections calculations
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non-pertubative resummation fixed order
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Soft-drop Jet Mass Measurement

• select di-jet events with ungroomed R = 0.8 jets with

• observable of interest: 
to reduce pT-dependence 

�10

pT,1 > 600 GeV and pT,1/pT,2 < 1.5
<latexit sha1_base64="uytgbfJvAWlul+mDaDd4+ipVcOw=">AAACLnicbVDJSgNBEO1xN25Rj14aE8GDxJmIy0FEFNGjQjZIQujpVLSxp2forhHDMF/kxV/Rg6AiXv0MO8tBow8KXr9XRVc9P5LCoOu+OmPjE5NT0zOzmbn5hcWl7PJKxYSx5lDmoQx1zWcGpFBQRoESapEGFvgSqv7tac+v3oE2IlQl7EbQDNi1Eh3BGVqplT3LR62kgXCPSSnd8lJ6RPdcN0/PoUKZatMRe/vns5hSeki9wm6+lc25BbcP+pd4Q5IjQ1y2ss+NdsjjABRyyYype26EzYRpFFxCmmnEBiLGb9k11C1VLADTTPrnpnTDKm3aCbUthbSv/pxIWGBMN/BtZ8Dwxox6PfE/rx5j56CZCBXFCIoPPurEkmJIe9nRttDAUXYtYVwLuyvlN0wzjjbhjA3BGz35L6kUC95OoXhVzB2fDOOYIWtknWwSj+yTY3JBLkmZcPJAnsgbeXcenRfnw/kctI45w5lV8gvO1zdm1aWr</latexit>

⇢ = msoft drop/pungroomed
T

<latexit sha1_base64="hyWHj7x1MYWSSxMgkdJ6sGs8RHM="></latexit>

β = 0 β = 1 β = 2

Phys. Rev. Lett. 121 (2018) 092001

Soft-drop Jet Mass Measurement

• select di-jet events with ungroomed R = 0.8 jets with

• observable of interest: 
to reduce pT-dependence 

�10

pT,1 > 600 GeV and pT,1/pT,2 < 1.5
<latexit sha1_base64="uytgbfJvAWlul+mDaDd4+ipVcOw=">AAACLnicbVDJSgNBEO1xN25Rj14aE8GDxJmIy0FEFNGjQjZIQujpVLSxp2forhHDMF/kxV/Rg6AiXv0MO8tBow8KXr9XRVc9P5LCoOu+OmPjE5NT0zOzmbn5hcWl7PJKxYSx5lDmoQx1zWcGpFBQRoESapEGFvgSqv7tac+v3oE2IlQl7EbQDNi1Eh3BGVqplT3LR62kgXCPSSnd8lJ6RPdcN0/PoUKZatMRe/vns5hSeki9wm6+lc25BbcP+pd4Q5IjQ1y2ss+NdsjjABRyyYype26EzYRpFFxCmmnEBiLGb9k11C1VLADTTPrnpnTDKm3aCbUthbSv/pxIWGBMN/BtZ8Dwxox6PfE/rx5j56CZCBXFCIoPPurEkmJIe9nRttDAUXYtYVwLuyvlN0wzjjbhjA3BGz35L6kUC95OoXhVzB2fDOOYIWtknWwSj+yTY3JBLkmZcPJAnsgbeXcenRfnw/kctI45w5lV8gvO1zdm1aWr</latexit>

⇢ = msoft drop/pungroomed
T

<latexit sha1_base64="hyWHj7x1MYWSSxMgkdJ6sGs8RHM="></latexit>

β = 0 β = 1 β = 2

Phys. Rev. Lett. 121 (2018) 092001

Soft-drop Jet Mass Measurement

• select di-jet events with ungroomed R = 0.8 jets with

• observable of interest: 
to reduce pT-dependence 

�10

pT,1 > 600 GeV and pT,1/pT,2 < 1.5
<latexit sha1_base64="uytgbfJvAWlul+mDaDd4+ipVcOw=">AAACLnicbVDJSgNBEO1xN25Rj14aE8GDxJmIy0FEFNGjQjZIQujpVLSxp2forhHDMF/kxV/Rg6AiXv0MO8tBow8KXr9XRVc9P5LCoOu+OmPjE5NT0zOzmbn5hcWl7PJKxYSx5lDmoQx1zWcGpFBQRoESapEGFvgSqv7tac+v3oE2IlQl7EbQDNi1Eh3BGVqplT3LR62kgXCPSSnd8lJ6RPdcN0/PoUKZatMRe/vns5hSeki9wm6+lc25BbcP+pd4Q5IjQ1y2ss+NdsjjABRyyYype26EzYRpFFxCmmnEBiLGb9k11C1VLADTTPrnpnTDKm3aCbUthbSv/pxIWGBMN/BtZ8Dwxox6PfE/rx5j56CZCBXFCIoPPurEkmJIe9nRttDAUXYtYVwLuyvlN0wzjjbhjA3BGz35L6kUC95OoXhVzB2fDOOYIWtknWwSj+yTY3JBLkmZcPJAnsgbeXcenRfnw/kctI45w5lV8gvO1zdm1aWr</latexit>

⇢ = msoft drop/pungroomed
T

<latexit sha1_base64="hyWHj7x1MYWSSxMgkdJ6sGs8RHM="></latexit>

β = 0 β = 1 β = 2

Phys. Rev. Lett. 121 (2018) 092001

non-perturba+ve			resumma+on			fixed-order

https://doi.org/10.1103/PhysRevLett.121.092001


Jet	Substructure	Measurements	 
in	Di-jet	and	semileptonic	t	Events

• Two	Data	sets:	
– dijet:	two	large	R=1	calorimeter	jets		
– semileptonic	t:	leptonic	top	and	top-quark	large-R	jet	or	W-boson	large-R	jet		

• SelecFon	uses	trimmed	jets.		
– measurements	made	for	both	trimmed	and	soi-drop	jets.	

• Measure	many	different	observables		
– relevant	for	W/top	tagging.	
– Les	Houches	angularity	
– number	of	sub-jets	(kT-algorithm,	R	=	0.2	and	pT	>	10	GeV)		
– energy	correlaFon	funcFons.	
– RaFos	of	N-subje\ness	(see	later	for	definiFon)

�10arXiv:1903.02942
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Detector-Level Results

• good agreement for jet pT; a shift in the jet mass due to missing jet mass in situ 
calibration in these plots �14

Ev
en

ts
 / 

10
 [G

eV
]

1000

2000

3000

4000

5000

6000

310×

ATLAS  
-1 = 13 TeV, 33 fbs

Dijet selection
=1.0 jetsR tAnti-k

 = 0.2sub = 0.05, RcutTrimmed f

Pythia8
Data 

 [GeV]jetm
50 100 150 200 250 300

D
at

a/
M

C

0.6
0.8

1
1.2
1.4

Ev
en

ts
 / 

10
0 

[G
eV

]

 

10

210

310

410

510

610

710 ATLAS
-1 = 13 TeV, 33 fbs

Dijet selection
=1.0 jetsR tAnti-k

 = 0.2sub = 0.05, RcutTrimmed f

Pythia8
Data 

 [GeV]jet
T

p
500 1000 1500 2000 2500 3000 3500

D
at

a/
M

C

0.6
0.8

1
1.2
1.4 ↑

Ev
en

ts
 / 

10
 [G

eV
]

200

400

600

800

1000

1200

1400

1600 ATLAS  
-1 = 13 TeV, 33 fbs

Top selection
=1.0 jetsR tAnti-k

 = 0.2sub = 0.05, RcutTrimmed f

tt
single top
W+jets
Other backgrounds

Data 

 [GeV]jetm
50 100 150 200 250 300

D
at

a/
M

C

0.6
0.8

1
1.2
1.4

Ev
en

ts
 / 

60
 [G

eV
]

1

10

210

310

ATLAS  
-1 = 13 TeV, 33 fbs

Top selection
=1.0 jetsR tAnti-k

 = 0.2sub = 0.05, RcutTrimmed f

tt
single top
W+jets
Other backgrounds

Data 

 [GeV]jet
T

p
200 400 600 800 1000 1200 1400 1600 1800 2000

D
at

a/
M

C

0.6
0.8

1
1.2
1.4

↓

↑↑

Ev
en

ts
 / 

10
 [G

eV
]

200

400

600

800

1000

1200

1400

1600

1800

2000

2200
ATLAS  

-1 = 13 TeV, 33 fbs
W selection

=1.0 jetsR tAnti-k
 = 0.2sub = 0.05, RcutTrimmed f

tt
single top
W+jets
Other backgrounds

Data 

 [GeV]jetm
50 100 150 200 250 300

D
at

a/
M

C

0.6
0.8

1
1.2
1.4

↓

↑ ↑

↓

Ev
en

ts
 / 

60
 [G

eV
]

1

10

210

310

410
ATLAS  

-1 = 13 TeV, 33 fbs
W selection

=1.0 jetsR tAnti-k
 = 0.2sub = 0.05, RcutTrimmed f

tt
single top
W+jets
Other backgrounds

Data 

 [GeV]jet
T

p
200 400 600 800 1000 1200 1400 1600 1800 2000

D
at

a/
M

C

0.6
0.8

1
1.2
1.4

↓

↑ ↑ ↑ ↑

arXiv:1903.02942v1

dijet

dijet

top

top

W

W

mjet

Detector	Level	Comparisons

Good	agreement	for	jet	pT.	The	discrepancy	in	the	jet	mass	distribuFons	is	a	known	
effect	due	to	missing	in-situ	calibraFon	and	mass	scale	uncertainFes.	
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Les	Houches	Angularity
• where	zi	is	the	transverse	
momentum	fracFon	pTi/pTjet 
𝜃i	is	the	angle	of	the	consFtuent	
relaFve	to	the	jet	axis	 
and	𝜅	=	1	and	βLHA	=	0.5		

• It	is	an	infrared-safe	version	of	
the	jet-shape	angularity,	and	
provides	a	measure	of	the	
broadness	of	a	jet.	

• discrepancies	in	generator	
predicFons	for	top	and	W	
selecFons	  

• Dijets:	good	agreement	except	
for	Herwig	7.	

• Good	discriminaFon	between	
q/g	and	W/top	jets.	

�12

Particle-Level Results: Les Houches Angularity

�29

• discrepancies in 
generator 
predictions for 
top and W 
selections 

• large deviations 
for Herwig 7 in 
dijets

arXiv:1903.02942v1

each splitting in order to remove soft and wide-angle radiation. At each step the jet is split into two
proto-jets. The removal of proto-jets in a splitting is controlled by two parameters: a measure of the energy
balance of the pair, zcut, and the significance of the angular separation of the proto-jets, �SD. These are
used to define the soft-drop condition:

min(pT1, pT2)
pT1 + pT2

> zcut

✓
�R12

R

◆�SD

where R12 is the angular distance between the two proto-jets and R is the radius of the large jet. In this
analysis, values of zcut = 0.1 and �SD = 0.0 are used, based on previous ATLAS studies [8]. An important
feature of soft-drop is that groomed observables are analytically calculable to high-order resummation
accuracy [61–63].

The following substructure variables are measured in this analysis:

• Number of subjets with pT > 10 GeV, reconstructed from the selected large-radius jet constituents
using the kt algorithm [64] with R = 0.2.

• Generalised angularities defined as:

�
�LHA =

’
i2J

zi ✓
�LHA

i ,

where zi is the transverse momentum fraction piT/pjet
T of the constituent, and ✓i is the angle of the

ith constituent of the jet relative to the jet axis, normalised by the jet radius. The exponents  and
�LHA probe di�erent aspects of the jet fragmentation. The ( = 1, �LHA = 0.5) variant is termed the
Les Houches angularity (LHA) [65] and used in this analysis. It is an infrared-safe version of the
jet-shape angularity, and provides a measure of the broadness of a jet.

• Energy correlation functions ECF2 and ECF3 [66], and related ratios C2, D2 [67]. The 1-point,
2-point and 3-point energy correlation functions for a jet J are given by:

ECF1 =
’
i2J

pTi,

ECF2(�ECF) =
’
i< j2J

pTi pT j

�
�Ri j

��ECF
,

ECF3(�ECF) =
’

i< j<k2J
pTi pT j pTk

�
�Ri j�Rik�Rjk

��ECF
,

where the parameter �ECF weights the angular separation of the jet constituents. In the above
functions, the sum is over the i constituents in the jet J, such that the 1-point correlation function
ECF1 is approximately the jet pT. Likewise, if one takes �ECF = 2, the 2-point correlation functions
scale as the mass of a particle undergoing a two-body decay in collider coordinates. In this analysis,
�ECF = 1 is used, and for brevity, �ECF is not explicitly mentioned hereafter.

The ratios of some of these quantities (written in an abbreviated form) are defined as :

7
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Subjet	Mul8plicity	
• number	of	sub-jets	(kT-algorithm,	R	=	0.2	and	pT	>	10	GeV)

�13

• largest 
uncertainties from 
jet pT and mass 
calibrations and 
cluster 
uncertainties

• large 
disagreement for 
Herwig 7 in dijets

• reasonable 
modelling for top 
and W selections
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Particle-Level Results: Subjet Multiplicity
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dijet

top

W

• Pythia8,	Herwig7,	Sherpa	
and	MadGraph.		

• Dijets:	good	agreement	
except	for	Herwig	7.	

• W	and	top	samples	show	
good	agreement	for	all	
generators.		

• Largest	contribuFon	to	
uncertainFes	from	mass	and	
jet	pT	calibraFon	as	well	as	
calorimeter	cluster	
correcFons.		

• Good	discriminaFon	
between	samples.

arXiv:1903.02942
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Energy	Correla8on	Func8ons

• Use	βECF=1	for	this	analysis	and	use	the	correlaFon	funcFons	in	
raFos:	

to	form		

• which	are	useful	for	idenFfying	two-body	structures	within	jets..	
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(jet	pT)

(jet	mass)

e2 =
ECF2

(ECF1)2 ,

e3 =
ECF3

(ECF1)3 .

The observables e2 and e3 are measured, and are later referred to as ECF2norm and ECF3norm.
These ratios are then used to generate the variable C2 [66], and its modified version D2 [65, 67],
which have been shown to be particularly useful in identifying two-body structures within jets [68].
The C2 and D2 variables as defined below are measured in this analysis:

C2 =
e3

(e2)2
,

D2 =
e3

(e2)3
.

• Ratios of N-subjettiness [69], ⌧21 and ⌧32. The N-subjettiness describes to what degree the
substructure of a given jet is compatible with being composed of N or fewer subjets.

In order to calculate ⌧N, first N subjet axes are defined within the jet by using the exclusive kt
algorithm, where the jet reconstruction continues until a desired number of jets are found. The 0-, 1-,
2-,and 3-subjettiness are defined as:

⌧0(�NS) =
’
i2J

pTi R
�NS
, (1a)

⌧1(�NS) = 1
⌧0(�NS)

’
i2J

pTi�R�NS

a1,i
, (1b)

⌧2(�NS) = 1
⌧0(�NS)

’
i2J

pTi min(�R�NS

a1,i
,�R�NS

a2,i
), (1c)

⌧3(�NS) = 1
⌧0(�NS)

’
i2J

pTi min(�R�NS

a1,i
,�R�NS

a2,i
�R�NS

a3,i
), (1d)

where �R is the angular distance between constituent i and the jet axis, ai , and �Ra,n is the angular
distance between constituent i and the axis of the nth subjet. The term R is the radius parameter of
the jet. The parameter �NS gives a weight to the angular separation of the jet constituents. In the
studies presented here, the value of �NS = 1 is used. In the above functions, the sum is performed
over the constituents i in the jet J, and a normalisation factor ⌧0 (Eq. (1a)) is used. The ratios of the
N-subjettiness functions, ⌧21 = ⌧2/⌧1 and ⌧32 = ⌧3/⌧2 have been shown to be particularly useful in
identifying two-body and three-body structures within jets.

Studies presented in Ref. [70] have shown that an alternative axis definition can increase the
discrimination power of these variables. The winner-takes-all (WTA) axis uses the direction of
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e2 =
ECF2

(ECF1)2 ,

e3 =
ECF3

(ECF1)3 .

The observables e2 and e3 are measured, and are later referred to as ECF2norm and ECF3norm.
These ratios are then used to generate the variable C2 [66], and its modified version D2 [65, 67],
which have been shown to be particularly useful in identifying two-body structures within jets [68].
The C2 and D2 variables as defined below are measured in this analysis:

C2 =
e3

(e2)2
,

D2 =
e3

(e2)3
.

• Ratios of N-subjettiness [69], ⌧21 and ⌧32. The N-subjettiness describes to what degree the
substructure of a given jet is compatible with being composed of N or fewer subjets.

In order to calculate ⌧N, first N subjet axes are defined within the jet by using the exclusive kt
algorithm, where the jet reconstruction continues until a desired number of jets are found. The 0-, 1-,
2-,and 3-subjettiness are defined as:

⌧0(�NS) =
’
i2J

pTi R
�NS
, (1a)

⌧1(�NS) = 1
⌧0(�NS)

’
i2J

pTi�R�NS

a1,i
, (1b)

⌧2(�NS) = 1
⌧0(�NS)

’
i2J

pTi min(�R�NS

a1,i
,�R�NS

a2,i
), (1c)

⌧3(�NS) = 1
⌧0(�NS)

’
i2J

pTi min(�R�NS

a1,i
,�R�NS

a2,i
�R�NS

a3,i
), (1d)

where �R is the angular distance between constituent i and the jet axis, ai , and �Ra,n is the angular
distance between constituent i and the axis of the nth subjet. The term R is the radius parameter of
the jet. The parameter �NS gives a weight to the angular separation of the jet constituents. In the
studies presented here, the value of �NS = 1 is used. In the above functions, the sum is performed
over the constituents i in the jet J, and a normalisation factor ⌧0 (Eq. (1a)) is used. The ratios of the
N-subjettiness functions, ⌧21 = ⌧2/⌧1 and ⌧32 = ⌧3/⌧2 have been shown to be particularly useful in
identifying two-body and three-body structures within jets.

Studies presented in Ref. [70] have shown that an alternative axis definition can increase the
discrimination power of these variables. The winner-takes-all (WTA) axis uses the direction of
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Par8cle	Level:	C2
• Useful	in	W/top	

tagging	

• Largest	discrepancy	for	
W-dataset.			

• Excellent	separaFon	
between	q/g,	W	and	
top	events.	
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Figure 5: The distributions of C2 compared with di�erent MC predictions for soft-dropped large-radius jets from
dijet (top left), top (top right), and W (bottom left) selections. For the dijet selection, S����� is tested with two
di�erent hadronisation models. Data are compared between the soft-dropped large-radius jets for the three selections
mentioned above (bottom right). The shaded bands represent the total uncertainty, while the error bars show the
statistical uncertainty, except in the bottom right plot, where the shaded areas represent the total uncertainty.
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Par8cle	Level:	D2
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Figure 6: The distributions of D2 compared with di�erent MC predictions for soft-dropped large-radius jets from
dijet (top left), top (top right), and W (bottom left) selections. For the dijet selection, S����� is tested with two
di�erent hadronisation models. Data are compared between the soft-dropped large-radius jets for the three selections
mentioned above (bottom right). The shaded bands represent the total uncertainty, while the error bars show the
statistical uncertainty, except in the bottom right plot, where the shaded areas represent the total uncertainty.
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• Useful	in	W/top	
tagging	

• Largest	discrepancy	for	
W-dataset.	

• Good	separaFon	
between	q/g,	W	and	
top	events.	
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SubjeIness

• N-subje\ness	describes	to	what	degree	the	substructure	of	a	given	
jet	is	compaFble	with	being	composed	of	N	or	fewer	objects	

�17

e2 =
ECF2

(ECF1)2 ,

e3 =
ECF3

(ECF1)3 .

The observables e2 and e3 are measured, and are later referred to as ECF2norm and ECF3norm.
These ratios are then used to generate the variable C2 [66], and its modified version D2 [65, 67],
which have been shown to be particularly useful in identifying two-body structures within jets [68].
The C2 and D2 variables as defined below are measured in this analysis:

C2 =
e3

(e2)2
,

D2 =
e3

(e2)3
.

• Ratios of N-subjettiness [69], ⌧21 and ⌧32. The N-subjettiness describes to what degree the
substructure of a given jet is compatible with being composed of N or fewer subjets.

In order to calculate ⌧N, first N subjet axes are defined within the jet by using the exclusive kt
algorithm, where the jet reconstruction continues until a desired number of jets are found. The 0-, 1-,
2-,and 3-subjettiness are defined as:

⌧0(�NS) =
’
i2J

pTi R
�NS
, (1a)

⌧1(�NS) = 1
⌧0(�NS)

’
i2J

pTi�R�NS

a1,i
, (1b)

⌧2(�NS) = 1
⌧0(�NS)

’
i2J

pTi min(�R�NS

a1,i
,�R�NS

a2,i
), (1c)

⌧3(�NS) = 1
⌧0(�NS)

’
i2J

pTi min(�R�NS

a1,i
,�R�NS

a2,i
�R�NS

a3,i
), (1d)

where �R is the angular distance between constituent i and the jet axis, ai , and �Ra,n is the angular
distance between constituent i and the axis of the nth subjet. The term R is the radius parameter of
the jet. The parameter �NS gives a weight to the angular separation of the jet constituents. In the
studies presented here, the value of �NS = 1 is used. In the above functions, the sum is performed
over the constituents i in the jet J, and a normalisation factor ⌧0 (Eq. (1a)) is used. The ratios of the
N-subjettiness functions, ⌧21 = ⌧2/⌧1 and ⌧32 = ⌧3/⌧2 have been shown to be particularly useful in
identifying two-body and three-body structures within jets.

Studies presented in Ref. [70] have shown that an alternative axis definition can increase the
discrimination power of these variables. The winner-takes-all (WTA) axis uses the direction of

8

• R	is	the	radius	parameter	of	the	jet,	 
βNS=1	is	the	angular	separaFon	weight 
∆Ra,n	is	the	angular	distance	between	consFtuent	i	and	the	axis	of	the	nth	subjet		

• The	raFos:	𝜏21	=	𝜏2/𝜏1	and	𝜏32	=	𝜏3/𝜏2	are	useful	in	idenFfying	two-	and	three-body	
structures	in	jets.	

• Calculated	using	the	direcFon	of	the	hardest	consFtuent	in	the	subjet	(WTA)
arXiv:1903.02942
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SubjeIness:	𝜏21

• Used	in	the	top/W	taggers		
– larger	discrepancies	for	the	W	selecFon		
– Excellent	discriminaFon	between	W	and	top	events	

• Not	used	on	the	dijet	sample	as	these	events	have	less	hard	
spli\ng	and	are	highly	sensiFve	to	the	spli\ng	and	merging	of	
clusters.
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SubjeIness:	𝜏32

• Used	in	the	top/W	taggers		
– larger	discrepancies	for	the	W	selecFon	
– Excellent	discriminaFon	between	W	and	top	events		

• Not	used	on	the	dijet	sample	as	these	events	have	less	hard	
spli\ng	and	are	highly	sensiFve	to	the	spli\ng	and	merging	of	
clusters.
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Conclusions

• jet	substructure	observables	are	widely	used	for	W/top/H	tagging	
in	BSM	searches		
– used	in	cut-based	and	mulFvariate	taggers		

• jet	substructure	uncertainFes	are	of	the	order	of	10	to	20%	and	 
allows		
– small	enough	to	differenFate	between	the	various	MC	models		

• soi-drop	groomer	allows	a	comparison	to	NLO+NNL	and	LO+NNNL	
predicFons		
– important	to	probe	a	new	regime	of	QCD	at	LHC		
– improve	the	understanding	of	jet	substructure	properFes		

• dedicated	measurements	validate	MC	models,	also	show	larger	
discrepancies	for	some	observables		
– results	can	be	used	to	tune	MC	generators!	
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Jet	Reconstruc8on
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Jet Reconstruction
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• anti-kT algorithm is  commonly used for jet finding 



Data	Selec8on	for	Substructure
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Selection for Jet Substructure Measurements
in Di-jet and semileptonic tt Events 

Dijets

Semiletonic tt

hadronic top

hadronic W

arXiv:1903.02942v1



Monte	Carlo	Generators
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Jet	Trimming

• Default	grooming	procedure:	trimming,	removes	R	=	0.2	subjets	
with	pT	<	5%	of	jet	pT	
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Jet Trimming Procedure

• default grooming procedure: trimming, that removes R = 0.2 
subjets with pT < 5% of jet pT
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Par8cle	Level:	ECF2
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Particle-Level Results: norm. ECF2

�31

arXiv:1903.02942v1

• large 
discrepancies for 
W selection

• large discrepancy 
for Herwig 7 in 
dijets
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Par8cle	Level:	ECF3
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Particle-Level Results: norm. ECF3
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• large discrepancy 
for Herwig 7
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